In this study, we measured the lead isotope ratios as well as trace metal concentrations (As, Cd, Cr, Ni, Pb and Zn) in the airborne particles collected at the Tokyo metropolitan area, where 9 municipal solid waste (MSW) incinerators locate nearby. Relationship between the concentrations of lead and other trace metals was investigated using data obtained both at the study site and at the 16 monitoring stations of the National Air Surveillance Network (NASN) of Japan sited mainly in urban areas. The results showed that lead isotope ratios were almost constant at the study site. The lead isotope ratios were very close to those for 7 cities throughout the whole country and also the fly ashes from MSW incinerators. This means that MSW incineration can account for the major portion of the lead in most Japanese urban atmosphere. The results also suggested that there are no significant differences in the concentration ratios of Cd, Zn and As to Pb in the airborne particles emitted from MSW incinerators across the country. Based on these results, the contributions from MSW incineration to the atmospheric metal concentrations were estimated to be 94% for Cd, 78% for Zn and 71% for As.
has been developed and used to estimate the contributions from particulate sources for various elements (Miller et al., 1972; Friedlander, 1973; Gatz, 1975; Kowalczyk et al., 1978 Kowalczyk et al., , 1982 Sweet et al., 1993) . This method assumes that the composition of particles at the receptor is a linear combination of concentration profiles of particles from the contributing sources. The source apportionment is carried out by a least-squares fit to the observed concentrations of elements using existing source profiles. However, the sources are often unknown, and also the source profiles can be very site-specific (Sweet et al., 1993) . Thus, there are many uncertainties in CEB method, so that these results should be regarded as only an approximation of the actual distribution of elements among sources (Sweet et al., 1993) .
On the other hand, lead isotope ratios such as 206 Pb/ 207 Pb and 206 Pb/ 208 Pb provide useful information on the sources of lead in environmental
INTRODUCTION
In recent years, there has been an increasing concern about various toxic substances in the urban atmosphere. These substances include metals such as As, Cd, Hg and Pb and organic compounds such as polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs). Understanding the contributions from various emission sources to atmospheric concentrations of toxic substances is important for the assessment of environmental effects and establishment of the effective pollution control. In Japan, more than 70% of municipal solid waste (MSW) generated is treated by incineration for volume reduction, and MSW incineration is considered to be a major source for PCDD/ Fs (Hiraoka, 1990) . However, little is known about the contributions of trace metals emitted from MSW incineration to the atmosphere.
The chemical element balance (CEB) method samples if each source of lead has distinctive isotope ratios. Those ratios have already been used to estimate the sources of airborne lead. For example, Chow and co-workers (Chow and Johnstone, 1965; Chow and Earl, 1970; Chow et al., 1975) showed that lead isotope ratios in airborne particles from various sites are similar to those in the leaded gasoline used in each site. Thus, leaded gasoline was the largest source of airborne lead before the significant reduction due to pollution control in advanced countries. In Japan, leaded gasoline has not been used since 1985 (Mukai et al., 1993) . Mukai et al. (1993) observed almost constant lead isotope ratios of airborne particles collected from 7 Japanese cities. They also suggested that MSW incineration is the predominant source of lead in Japanese urban air in recent years based on a limited analysis of lead isotope ratios of source-related materials. This means that lead-containing MSW with various isotope ratios is mixed and the isotope ratios are effectively averaged across the nation. Thus, the source profiles for MSW incinerators may not be site-specific in Japan. If this is the case, the contributions for other trace metals accompanying lead from MSW incinerators could also be easily estimated by using the concentration ratios of lead to other trace metals from a single source profile throughout the whole country.
In this study, first we measured the variations with time in lead isotope ratios as well as lead concentration in the atmosphere at the study site which has 9 MSW incinerators nearby. The sources of lead in the atmosphere were then evaluated. Next the relationship between the concentrations of lead and other trace metals (As, Cd, Cr, Ni and Zn) was investigated using data obtained both at the study site and at the 16 monitoring stations of the National Air Surveillance Network (NASN) (Environment Agency, Japan, 1996) sited mainly in urban areas. Finally we estimated the contribution of some trace metals from MSW incineration in the atmosphere at the NASN stations using the concentration ratios of other metals to lead obtained from the above observations.
EXPERIMENTAL

Sampling
A study site located in the western part of Tokyo metropolitan area, Japan was selected for sampling of airborne particles. Nine MSW incinerators (total incineration capacity: 4,650 t/day) are located within 10 km of the site (Fig. 1) , and highly industrialized areas as well as many MSW incinerators exist within 10-20 km radius.
Airborne particulate samples were collected on a quartz fiber filter (8 in × 10 in) using a highvolume air sampler with a flow rate of about 1,300 L/min for 24 h sited on a rooftop of building (about 12 m above ground). Sampling was carried out on July 7-11, September 8-12 and October 13-17, 1998, respectively (4 samples for each period). The sample filters were dried in a desiccator with silica gel for 1-2 days followed by weighing.
Analytical procedures
The filter samples were cut into quarters for acid digestion. A piece of the sample filter was dissolved using HNO 3 -HClO 4 -HF and then evaporated to dryness. For analyses of As, HNO 3 -HClO 4 digestion was used, because As (III) is easily vola- tilized during the HF digestion. The residue was dissolved with 0.3M HNO 3 . Using this solution, Al and Zn were determined by ICP-AES (Shimadzu ICPS-2000), while As, Cd, Cr, Ni and Pb were determined by graphite furnace AAS (Hitachi Z-5000). To overcome the interferences caused by the matrix elements in the sample solution for graphite furnace AAS, appropriate matrix modifiers (Hitachi Ltd., 1996) and/or the standard addition method were used. Precision and accuracy were verified using a standard reference material (Urban Particulate Matter, SRM 1648) from National Institute of Standards and Technology (NIST).
The lead isotope ratios in the sample solution were measured by ICP-MS with a multicollector array (Micromass iso-Plasma Trace). SRM 981 (NIST) was used as a reference to determine the correction factors for lead isotope ratios. Pb/ 204 Pb was much larger than that for other isotope ratios (over 1%).
RESULTS AND DISCUSSION
Variations of lead concentration and lead isotope ratios in the atmosphere
The results for lead concentration and lead isotope ratios in the atmosphere at the study site are summarized in Table 1 . This indicates that lead concentration greatly varies daily, independent of the airborne particulate concentration. However, a regular trend is not observed for the variations. The lead concentration tends to be lower at higher Al concentration, suggesting that the concentration of highly lead-containing particles in the atmosphere inversely varies with the soil particle concentration.
On the other hand, the lead isotope ratios do not change very much with the lead concentration, as shown in Fig. 2 (Mukai et al., 1993) . This strongly suggests a presence of predominant source type for lead in the atmosphere from most Japanese urban areas.
Evaluation of emission sources for lead in the atmosphere
The trace metal concentrations in the atmosphere at the study site can be expected to be affected by the emissions from MSW incinerators, because 9 MSW incinerators with large capacities are located within 10 km of the site (Fig. 1) . Then we compared the isotope ratios of airborne lead at the study site with the ratios of lead in the fly ashes from MSW incinerators which are averaged using the data from the authors' measurements (n = 5) and the literature (n = 2) (Mukai et al., 1993) .
As shown in Fig. 2 , the isotope ratios of airborne lead at the study site are identical to the ratios of the fly ashes from MSW incinerators ( 206 Pb/ 207 Pb: 1.1568 ± 0.0034; 206 Pb/ 208 Pb: 0.4732 ± 0.0016). There is no significant difference between both the mean ratios at P = 0.05 by t-test. On the other hand, Fig. 3 indicates that major lead ores used in Japan have a wide range of isotope ratios (Brown, 1962; Mukai et al., 1993) . In addition, lead in coals is generally more radiogenic than airborne lead based on the lead isotope ratios in fly ashes (n = 14) from coal fired power plants in Japan (Sakata et al., 1998) . As described earlier, there is no difference in the lead isotope ratios of airborne lead between the study site and 7 other Japanese cities. Thus, MSW incineration can account for the major portion of the lead in the atmosphere of most Japanese urban areas. This is supported by the high positive correlation between the Pb concentration and the As, Cd and Zn concentrations in the atmosphere at the study site, as described in the next section. It has been reported that those metals are extremely enriched in the suspended particles from MSW incinerators (Greenberg et al., 1978; Mamuro et al., 1979) , and that their major source in urban areas with little industry such as Washington, D.C. is MSW incineration based on the CEB calculation (Kowalczyk et al., 1978 (Kowalczyk et al., , 1982 . It is likely that lead-containing solid waste with (Mukai et al., 1993) and for the fly ashes (n = 7) from MSW incinerators.
Fig. 2. Relationship between lead concentration and lead isotope ratios in the atmosphere at study site. Those isotope ratios are compared to the average ratios for the airborne particles (n = 18) at 7 Japanese cities
various isotope ratios is mixed and effectively averaged across the nation, which leads to constant lead isotope ratios independent of location and season. It was reported that lead-metal products such as small batteries, solder and tubes for paint contribute significantly to refuse leads in Japan (Nakamura, 1994) .
Relationship between concentrations of lead and other trace metals in the atmosphere
In order to evaluate the contribution from MSW incineration to the atmospheric concentrations of other trace metals (As, Cd, Cr, Ni and Zn), the relationship between the concentrations of lead and other trace metals was investigated using data obtained at the study site and annual average values obtained at each NASN station in 1995 (Environment Agency, Japan, 1996). These monitoring stations are located mainly in urban areas including major and highly industrialized cities in Japan. For the monitoring of the NASN, particles less than 10 µm in diameter (PM-10) were collected using sampler with a impactor. In general, the soil particles are significantly removed in PM-10 samples . However, there is no great difference in the concentrations of trace metals studied in the air between PM-10 and bulk samples, because most of the metals are contained in PM-10 particles .
(a) Data obtained at the study site The results are given in Fig. 4 . As described in the preceding section, almost all of the Pb in the air can be regarded to originate from MSW incineration. For comparison, the contributions from MSW incineration for other trace metals which are estimated from the average metal/Pb ratios for the suspended incinerator particles are also provided in the figures. Only the old data taken at 7 MSW incinerators during the 1975-1976 period (Mamuro et al., 1979) are available at present (no available data for Ni). The suspended particles penetrating the particulate control devices were collected isokinetically on a Teflon-fiber filter from stack gases.
At the study site, a significantly high correlation (P < 0.001) exists between the Pb concentration and the Cd, Zn and As concentrations. In addition, the regression lines for Cd and As pass near the origin. This makes it possible to expect that Cd and As originate predominantly from the same source as Pb. Thus, it is likely that those metals in the atmosphere are derived mainly from MSW incineration. However, the regression line for Zn does not pass through the origin, suggesting a presence of other sources in addition to MSW incineration. The Al concentration in the atmosphere tended to increase when the Pb and Zn concentrations decreased (Table 1 ). This means the higher contribution of soil particles to the airborne particles when the Pb and Zn concentrations in the atmosphere were lower. The soils around the study site are probably polluted by Zn originating from rubber particles from tire tread (Nasrullah et al., 1995) , but the pollution level is unknown. If 0.0071 (Al, 70 mg/g; Zn, 0.5 mg/g) is used as the average Zn/Al ratio of those soils to eliminate the contribution of soil-Zn, the corrected regression line passes close to the origin (see Fig. 4) . Thus, the cause for passing out of the origin in the re- Fig. 3 . Comparison of lead isotope ratios of airborne particles at study site to the ratios of fly ashes (n = 14) from coal fired power plants in Japan (Sakata et al., 1998) and major lead ores (Brown, 1962) used in Japan. Pb and Cd (a) , Zn (b) , As (c), Cr (d) and Ni (e) in the atmosphere at study site. The lines for the suspended particles from MSW incinerators were drawn based on their average metal/Pb ratios (Mamuro et al., 1979) . For Zn, the concentration of non-soil-Zn in the air was estimated using the Al concentration in the air and the Zn/ Al ratio (0.0071) of soils to eliminate the relatively large contribution of soil-Zn (see text). Pb and Cd (a) , Zn (b) , As (c), Cr (d) and Ni (e) in the atmosphere at NASN stations (Environment Agency, Japan, 1996) gression line of Zn-Pb may be due to the relatively large contribution of soil-Zn to airborne particles. Figure 4 also shows that the Cd concentration in the atmosphere is almost equivalent to the contribution from MSW incineration which is estimated from the average Cd/Pb ratio (0.029) for the suspended incinerator particles. For Zn and As, however, relatively small contribution from MSW incineration is observed. This may be caused by lower metal/Pb ratios of the suspended particles used for the estimation than present ratios due to the qualitative change of MSW with time. The metal/Pb ratios of the incinerator particles were provided from the old data taken during the [1975] [1976] period. The latest data should be published to confirm whether this is the case.
Fig. 4. Relationship between concentrations of
Fig. 5. Relationship between concentrations of
On the other hand, there is no significant correlation between Cr and Ni concentrations and Pb concentration (at P = 0.05), but the Cr is positively correlated with the Ni (r = 0.88, P < 0.001). These results mean that there is the major source other than MSW incineration for those metals. The Cr and Ni are derived probably from iron and steel production based on the elemental composition of suspended particles . The Ni and V in the urban air have been occasionally reported to originate mainly from oil combustion (Kowalczyk et al., 1978 (Kowalczyk et al., , 1982 Dzubay et al., 1988) . At the study site, however, oil combustion may not be an important source for Ni because of no correlation between the Ni and V concentrations (r = 0.24).
(b) Data obtained at the NASN stations The results are given in Fig. 5 . For comparison, the relationship between the concentrations of Pb and other trace metals in the incinerator particles (Mamuro et al., 1979) and also in the airborne particles at the study site (there are no proper values for Cr/Pb and Ni/Pb) are provided in the figures. The Ni/Pb ratio of incinerator particles was estimated from the product of Cr/Pb and Ni/Cr assuming that the Ni/Cr of incinerator particles is equal to that (0.71) of the air at the NASN stations, because of no available data for Ni. There is an extremely high positive correlation (r = 0.99, P < 0.001) between the Ni and Cr concentrations at the NASN stations.
Similar to the case for the study site, a high positive correlation (r = 0.96, P < 0.001) is observed between the Pb and Cd concentrations. In addition, those Cd/Pb ratios almost equal to the average ratios for airborne particles at the study site (0.025) and also for suspended particles from MSW incinerators (0.029). These results strongly suggest that almost all of the Cd as well as the Pb in the atmosphere at the NASN stations comes from MSW incinerators, and that the emission ratios of Cd to Pb are similar across the nation. The contribution from MSW incineration for Cd estimated using the Cd/Pb ratio (0.025) at the study site is 94% on average at the NASN stations. It has been known that the Cd in solid waste is derived mainly from Ni-Cd batteries which is quite different from the Pb (Nakamura, 1994) . Thus, it is likely that the Pb and Cd are carried to the incinerators in the form of various waste, and then are mixed and effectively averaged there.
For Zn and As, their concentrations except for some scattered data increase linearly with increase in the Pb concentration. Those Zn/Pb ratios are relatively close to the Zn/Pb = 2.3 obtained from non-soil-Zn data at the study site, whereas the As/ Pb ratios are higher than their average ratio (As/ Pb = 0.042) at the study site. Assuming that all of the non-soil-Zn and As in the atmosphere at the study site are derived from MSW incineration, 78% of Zn and 71% of As on average are estimated at the NASN stations to originate from MSW incinerators. Therefore, the balance probably depends on the contributions from emission sources other than MSW incineration.
On the other hand, the Cr/Pb and Ni/Pb ratios of the atmosphere are significantly scattered compared to the cases for other metals. However, several data are distributed near the lines of average Cr/Pb and Ni/Pb ratios for incinerator particles. This suggests that Cr and Ni may be derived mainly from MSW incineration at those stations of the NASN, although the metal/Pb ratios of the incinerator particles were provided from the old data taken during the 1975-1976 period. Similar to the case for the study site, extremely high Cr and Ni concentrations in the air at some stations seem to be caused by iron and steel production. These stations are located near major industrial areas with iron and steel works. However, this should be confirmed by the CEB calculation based on the latest source profiles.
CONCLUSIONS
The results presented here support the hypothesis (Mukai et al., 1993) that MSW incineration is the predominant source of the lead in the atmosphere over the most Japanese urban areas. The results also suggest that there are no significant differences in the concentration ratios of Cd, Zn and As to Pb in the particles emitted from MSW incinerators to the atmosphere across the nation. Thus, the contributions for those metals accompanying lead from MSW incinerators can be easily estimated by using such concentration ratios. It is likely that 94% of Cd, 78% of Zn and 71% of As on average at the NASN stations originate from MSW incineration. In areas affected by lead from coal combustion, lead smelting and/or long-range transport from the Asian continent (Mukai et al., 1990 (Mukai et al., , 1994 Sekine and Hashimoto, 1991) , a similar approach should be applicable to estimate the contributions from MSW incineration for those metals if the lead can be assigned to each source on the basis of lead isotope ratios.
